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Objectives. We sought to demonstrate that direct current (DC) 
shocks to the heart generate free radicals. 
Buckgroatuf. Although it is a lifesaving maneuver, defibrillation 
is known to have myocardial toxicity. The mechanism of this 
toxicity is unknown. If DC shocks generate free radicals, free 
radicals could be a mechanism of myocardial injuy. 
Meetods. In a canine model, DC shocks of 10 to 100 J were 
delivered to the epicardium of both beating and fibrillating hearts, 
-sd ZOO-J transthoracic shocks were administered in dogs with 
beating hearts. Ascot-bate free radical (AFR) concentration was 
measured in arterial blood and blood continuously wtthdrawrt 
fmm the coronary sinus. In some dogs, the antioxidant enzymes 
supemxide dismutase (15,000 U/kg) and catalase (55,OtH U/kg) 
(SOD/Cat) were administered before shocks. 
Results. Ascot-bate free radicals were generated by DC shocks. 
A peak AFR increase of 14 2 2% (mean f SEM) was seen 5 to 
6 min after 100-J epicardial shocks. A peak AFR increase of 7 2 
Electrical defibrillation is the critical maneuver in cardiac 
arrest due to ventricular fibrillation (VF). Nevertheless, defi- 
brillation can result in myocardial injury, with morphologic and 
functional evidence of damage (l-5). 
The mechanism of defibrillation injury has not been estab- 
lished. Myocardial necrosis and contraction abnormalities may 
be related to the ischemic period of arrested circulation during 
VF or to the toxicity of the direct current (DC) shock itself. 
Roth may play a significant role. 
Oxygen free radicals are formed when molecular oxygen is 
reintroduced into ischemic myocardium on reperfusion (6-S) 
such as occurs in the setting of ventricular fibrillation followed 
by defibrillation. A recent study (9) suggests that free radicals 
are generated by DC countershocks alone, delivered to beating 
hearts not in VF. This finding is consistent with a study (10) 
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5% occurred after ttansthoracic shocks. There was a sign:Qant 
linear relation between the shock energy and peak percent AFR 
increase: %AFR increase = 0.18 (Shock energy) + 2.9 (r = 0.73, 
p c 0.0001). Shocks delivenui to hearts in ventricular fibrillation 
(39 s) resulted in generation of AFR equal to but not greater tban 
that observed during similar shocks delivered to beating hearts in 
sinus rhythm. Multiple successive shocks (100 J delivered twice or 
Rve times) did not result in a greater AFR increase than single 
100-J shocks, indicting that peak, not cumulative, energy is tbe 
principal determinant of AFR increase. Animals receiving SOD/ 
Cat before shock administmtiou showed significant attenuation of 
the AFR increase. 
Conchions. Direct current epicardial and tmnsthomcic 
shocks generate free radicals; antioxidant enzymes reduce the Dee 
radical generation hy shocks. 
(1 Am Call Cardial l!J94;28:1598-609) 
that showed that free radicals could be generated solely by an 
electrical current passing through a physiologic buffer solution. 
Because oxygen free radicals have known toxicity (11,12), the 
generation of oxygen free radicals by DC shocks may be a 
mechanism of defibrillation injury. 
The purpose of our study was to evaluate the magnitude 
and determinants of free radical generation after DC shocks 
delivered to both fibrillating and nonfibrillating hearts. In an 
open chest canine mode:, we utilized a newly developed and 
validated technique, electron paramagnetic resonance (EPR) 
measurements of ascorbate free radicals (AFRs), a real-time 
quantitative marker of free radical generation (13). Six sets of 
experiments were performed to 1) determine the effect of 
epicardial shock energy on the magnitude of AFR generation; 
2) compare the AFR generation of shocks delivered to fibril- 
lating versus nonbeating hearts; 3) determine whether multiple 
shocks generate more AFRs than a single shock at the same 
energy .level; 4) determine the effect of the free radical 
scavenging enzymes superoxide dismutase (SOD) and catalase 
(Cat). given before shock delivery, on the magnitude of AFR 
generation; 5) demonstrate that direct contact between the 
metal electrodes and the epicardial surface of the heart is not 
required for DC shocks to generate AFRs; and 6) determine 
whether transthoracic shocks generate AFRs. 
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Abbreviafinns and Acrm~yms 
AFR = awrbate free radicd 
Cat = catylase 
DBP = diastolic bltxrd pressure 
DC = direct current 
ECG = clcctnwardic~raphic 
EPR = electwn paramagnctic rw 
NSR = normal sinus rhythm 
SBP = systolic bknxl prcssurc 
SOD = superoxide dismutasc 
VF = ventricular fibrillation 
Methods 
Animal preparation. An open chest canine model was 
used; 38 dogs were studied in total. General anesthesia was 
achieved with a combination of fentanyl-droperidal 
(0.13 ml/kg), followed by intravenous pentobarbital (2ti mg/kg 
body weight), supplemented as needed during the course of 
the experiment. Respiratory support was provided with a 
volumecycled respirator after e&tracheal intubation. Tidal 
volume, rate and fraction of inspired oxygen were adjusted 
according to arterial blood gases to maintain physiologic 
arterial pH and partial pressure of oxygen. 
Femoral arteries and veins were cannulated in both limbs. 
The left femoral artery was used to monitor blood pressure and 
the left femoral vein for infusions. Through a left lateral 
thoracotomy, the pericardial sac was opened and !he heart 
suspended in a cradle. A catheter was passed through the 
jugular vein into the distal portion of the coronary sinus. A 
venous-venous shunt was fashioned between the coronary 
sinus and right femoral vein. Surface electrocardiographic 
(ECG) recordings were obtained for rhythm and heart rate 
monitoring before and after administration of shocks. 
Electron paramagwtic resonance methods. Measurement 
of AFR has been previously validated (13,14) as a measure of 
total oxidative stress and has been described in detail. Ascor- 
bate is the terminal, small-molecule antioxidant; it repairs 
more oxidizing radicals, such as hydroxyl, superoxide and lipid 
peroxyl radicals (14,15). Because it donates an electron (hy- 
drogen atom) to repair these oxidizing radicals, ascorhate itself 
is converted to a free radical, the AFR. This relatrvely stable 
pi-radical can be detected and quantitated by the EPR tech- 
nique. The steady state AFR concentration is proportional to 
the total ongoing oxidative stress of the interventions evalu- 
ated. 
Electron paramagnetic resonance spectra were obtained 
using a Varian E-4 spectrometer, with a TM,;, cavity and an 
aqueous flat cell. Scans were collected serially on’blood being 
continuously withdrawn .from either the great cardiac vein or 
the femoral artery. Consecutive EPR scans of the coronary 
venous or femoral artery AFR blood were initiated every 90 to 
120 s. A sing!e scan requires 99 s. Because the AFR yields a 
doublet EPR spectrum, each scan yields two data points, -45 s 
apart. An infusion pump was used to circulate the sample 
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through the spectrometer and return it to the’d,og.’ In this way, 
blood could he scanned for AFR concentrations within several 
seconds of leaving the animal; The following instrument set- 
tings were used for all studies because they provide the largest 
AFR signal (16): nominal power 40 mW. modulation ampli- 
tude 0.63 G, time constant 1 s and scan rate 1 G/24 s. 4 40~mW 
nominal mizowave power was used because it gives the 
greatest peak to peak AFR EPR signal height. The AFR EPR 
signal is partially saturated at this power level (16). Appropri- 
ate corrections were made to determine steady state AFR 
concentrations. The power from the microwave bridge of the 
Varian instrument is calibrated. The power saturation curve of 
AFRs in the region of 40 mW has very little gradient; thus, a 
small error in the nominal power setting produces very little 
change in AFR signal height. 
The concentration of AFR was determined from the signal 
height of its EPR spectra after calibration using double- 
integration techniques and 3-carboxy proxy1 as the standard. 
We found that for our experimental conditions, 1 mm of signal 
height corresponded to 0.0734 nmol/liter AFR, after saturation 
effects were accounted for. All signal heights were normalized 
to full gain of the instrument, 1 X 16. 
Without ascorbic acid supplementation. the AFR concen- 
tration in whole canine blood is too low for detection by EPR. 
Therefore, to amplify the endogenous AFR signal, 1 g of 
ascorbic acid was infused intravenously as a bolus, followed by 
a slow infusion. The AFR concentration varied frtim dog to 
dog: the arterial AFR signal was usually -14 nr.ol/liter, and 
the venous AFR signal was usually -8 nmovliter. A steady 
state level of arterial AFR was maintained by adjusting the rate 
of ascorbic acid infusion, usually ranging between 3.8 and 15.2 
mg/min; the arterial AFR level was rechecked after each DC 
shock, and the infusion rate was adjusted if necessary. The 
fourfold variation in ascorbic acid infusion rate required to 
maintain a steady state arterial AFR level may explain in part 
the substantial variability in absolute AFR levels measured. 
Dir& current sbaeks. Direct current shocks were deliv- 
ered by a Datascope MDU damped sinusoidal waveform 
defibrillator. Epicardial shocks were delivered by hand-held 
electrode paddles cradling the exposed heart. The paddles 
were coated with a conductive gel (Redux paste. Hewlett- 
Packard), except for experiment 5 (see later). The range of 
selected energies varied from 10 to 100 J, which was the 
maximal possible energy setting allowed on this defibrillator 
using epicardial electrode paddles. Ventricular fibrillation was 
accomplished, when required by the protocols, by touching the 
terminals of a 9-V battery TV the exposed epicardial surface of 
the heart. This simple maneuver reliably induces VF in an 
open chest canine model. 
Transthoracic shocks of 200 J were delivered using hand- 
held paddle electrodes pressed against the closed. shaved chest 
in a lateral-lateral orientation (experiment 6). 
Mets of AFR Baseline measurements of coro- 
nary venous and arterial AFR concentrations were obtained 
using previously discus& methods; baseline ECG and arterial 
blood pressures were also recorded. After each shock, 16 min 
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Table 1. Coronas Vcnoui Ascorhate Free Radical Concentration After Direct Current Shocks -- 
Coronary Venous AI‘R Conccntrarion (nmol:lircr) 
10-J NSR Group 
(ll = 6) 
_______ 
5tc;n SEM 
W-J X’SR Group 75-J NSR Group 
(n :: 6) fll !J) 
hlran SF.M \l\lcan St31 
IWJ NSR Group 
(n -: 21,) 
h!can SE51 
Sham Group 
(I: :. 4) 
-~- 
\tran SEM 
Bctorc shock 
Minutes after shock 
3 
4 
5 
Ii 
I 
8 
0 
10 
11 
I? 
13 
14 
15 
16 
7.34 Il.42 
7.10 n.lrR 
7.18 0.53 
7.18 u.44 
7.113 0.46 
7.54 0.41) 
7.31) 0.35 
7.27 0.43 
7.39 II.39 
7.30 0.41 
7.30 U.40 
7.31 Il.42 
7.13 0.40 
7.22 U.4Y 
7.22 0.19 
7.2b 0.26 7.55 0.3s 7.50 IL’5 - 7.YY 0.63 
7.12 0.37 7.6’) 0.2-r 7.w IQ.5 x.35 0.41 
7.31 II.37 xn9 0.35 7.7x (1.27 8.06 0.39 
7.Ub Il.27 7.87 0.36 7.Nb 0.26 7.78 0.51 
7.66 U.27 7.s2 0.45 7.Sh (1.29 8.21 0.28 
7.03 0.26 7.71 0.35 7.711 0.33 8.21 0.64 
7.40 0.27 7.93 0.38 7.78 0.26 x.42 0.56 
7.58 IVY Koo 0.41 7.61 U.18 R.10 0.33 
7.25 U.14 7.57 II.42 7.68 0.26 x.21 0.56 
7.30 11.29 7.86 (1.41 7.55 0.24 8.14 0.38 
7.27 0.3 7.22 0.3 7.5 I U.21 8.21 0.34 
7.39 0.19 7.34 0.3x 7.4x 028 8.28 0.56 
7.31’ 0.25 7.7-Y 0.30 7.52 0.25 8.39 0.28 
?.I0 11.21 636 11.31 7.31 U.24 7.68 0.22 
7.14 63.5 11.1’) 8.32 0.44 
Percent Change From Baseline in AFR Concentration (mean 5 SEM of all data during each ?-min inrerval)’ 
Minutes After Shock 
i-4 
j-6 
7-8 
Y-10 
11-12 
13-14 
15-16 
IO-J NSR Group 40-J NSR Group 75-J NSR Group 1(10-J NSR Group Sham Group 
(n == 6) (n = 6) (n = 14) (n = 20) (n = 4) 
A- 
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM 
-7 3 1 2 7 3 12 2 -2 3 
-1 2 I 3 12 2 14 2 -5 2 
3 3 3 3 9 2 14 2 -1 2 
1 2 5 3 12 2 13 2 -I 4 
1 2 2 2 8 3 11 2 -2 2 
0 3 3 2 2 2 IQ 2 -1 2 
0 2 1 1 2 2 8 2 0 3 
lntegratcd area under AFR 2 x 13 6 SIT 7 77$ R -13 7 
cone vs. Iimc curve 
‘For ascorbate free radical (AFR) percent change comparisons, see Figure 1. tp < U.Ol wsus 10 J. Sp < 0.01 versus 40 and 10 J. cone = concentration; NSR = 
normal sinus rhythm. 
were allowed for stabilization and recording of coronary 
venous and systemic arterial AFR levels, the ECG and 
arterial pressure. The order of shock energies was randomly 
varied to avoid experimental bias. An adequate coronary 
sinus blood withdrawal rate was difficult to maintain during 
the first 2 mitt of the postshock period because of shock- 
induced bradycardia and hypotension (17). Therefore, we 
report coronary venous AFR concentrations at baseline 
(before shock) and at each minute beginning at 3 min after 
each shock. 
Protocols. Experimental. In 25 open chest dogs, we ‘stud- 
ied the effect of DC epicardial shocks on AFR generation,, 
without inducing’VF, so that the effect of shocks alone could 
be studied. Selected energies of shocks administered were 
varied (10,40,75 or 100 J) and delivered in random order to 
determine the effect of shock energy on the amount of AFR 
generated. In four of the dogs, “sham” shocks were deliv- 
crcd, whcrcby the heart was briefly cradled in the epicardial 
paddle electrodes, but no shocks were delivered. The,usual 
AFR recordings were then obtained. These four “sham” 
shock dogs were subsequently used for the coronary occlu- 
sion portion of experiment 2. 
Experiment 2. In 10 open chest dogs, we studied the effect 
of VF plus DC shocks on AFR generation. Eight of these dogs 
were also used in experiment 1. Ventricular fibrillation was 
initiated electrically and allowed to persist for 30 s, after which 
40- and 100-J DC shocks were delivered to terminate the VF.. 
In addition, to determine whether the &hernia associated with 
a 30-s period of fibrillation was su!Iiciently long to cause an 
increase in AFR levels, in four dogs we performed a separate 
experiment: The left anterior descending coronary artery was 
occluded for 30 s with a snare, followed by snare release and 
0 
0 34 s-6 7-a 910 11.12 12-14 1516 
Minutes After Shock 
Fire I. Effect of DC shock encrg’ on AFR gcncration. There was 
significantly more AFR generation after 100-J than 40-J shocks. and 
the peak AFR increase occurred earlier. Circles = 40-J NSR group 
(n = 6); squares = 100-J NSR grflup (n = 20); vertiral lines = SEM. 
‘p < 0.01. 
reperfusion (no VF was induced). This procedure allowed us 
to compare the effect of a 30-s sequence of ischemia- 
reperfusion with the effect of an equal-length 30-s sequence of 
fibrillation-defibrillation on AFR generation. 
ExpErimenr 3. In sii open chest dogs, we studied the effect 
of the peak versus cumulative energy of CC epicardial shocks 
on AFR generation. The dogs zere either given two 100-J 
shocks (n = 3) or five 100-J shocks (n = 4) in rapid succession 
(1 dog received two 1W J shocks and, later. five 100-J shocks). 
The results were compared with single 10-J shocks delivered 
in the same dogs to determine whether the cumulative energy 
FII 2. Effect of DC shock energy and cardiac rhythm on AFR 
generation. Increasing shock energy caused increasing AFR genera- 
tion (integrated area under percent change in AFR concentration vs. 
time curve). There was no significant difference in AFR generation 
from shocks delivered to hearts in NSR versu? shocks delivered to 
terminate VF. 
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Figure 3. Rrlation of DC shuck energy to peak prrccnt increase in 
AFR concentration (shocks given to huarts in NSR only). There was a 
significant relation between the two. 
of the rapidly applied successive shocks produced a greater 
increase in free radical generation. Of the six dogs receiving 
the initial 100-J single shocks, three received the shock whde in 
normal sinus rhythm (NSR), and three received the shock to 
terminate electrically induced VF. The subsequent double and 
quintuple shocks in rapid succession were all delivered while 
the animals were in NSR. 
Lqxriment 4. In seven open chest dogs, we srudizd the 
effect of administration of the antioxidant enzymes SOD and 
Cat before shock delivery on the magnitude of AFR. fenera- 
tion. These enzymes were given as a continuous mfusion: 
15,ooO U/kg of SOD (bovine erythrocyte SOD, 4.2Ol; U/mg 
protein. Sigma Chemica! Co.) and 55,000 U/kg of Cat I bovine 
liver suspension, 58,ooO U/mg protein, Sigma). Before initiat- 
ing the SOD/Cat infusion, we first administered 75-J and, 
subsequently, 100-J DC shocks to each dog. After all the 
appropriate recordings, we began the SOD/Cat infusion. Ten 
minutes after initiating the SOD/Cat infusion. 75-J and, sub 
sequently. 100-J DC shocks were readministered to each dog. 
In four additionai dogs, control studies were performed, 
whereby 7% and 100-J shocks were delivered. followed by a 
IO-min time period during which saline instead of SOD/Cat 
was infused, and 75- and 100-J shocks were then readminis- 
tered. 
E.pvimcnt 5. In three open chest dogs. we placed pre- 
formed conductive gel-polymer pads’(3M) between the metal 
electrodes and the epicardial surface of the heart. Shocks of 75 
and 100 J were delivered. and the usual AFR recordings were 
obtained. This procedure was done to demonstrate that direct 
epicardjum-electrode contact was ‘pot necessary for AFR 
generation’ to tir. 
Experiment 6. In three dogs we studied the effects of 
transthoracic shocks ‘on AFR generation. Thoracotomy. 
coronary sinus and femoral artery and vein cannulation was 
performed as described earlier. A thoracotomy was neces- 
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Table 2. Coronary VenousAscorbate Free Radical Concentration After Direct Current Shocks Given to Terminate Ventricular F;brilla!ion 
and After Brief Coronq Occlusion-Reperfosion Sequences 
Corrmary Vcnnus AFR Concentration (nmul:litcr) 
Bcforc $hoc)r 
Minute< attrr shuck 
3 
4 
5 
6 
7 
N 
9 
IU 
I1 
I2 
13 
I4 
1s 
16 
VF+N J (n = 6) VF+IUU J in = S) LAD 30-s (kc. (n = 1) 
Mcan SEM MCilll SEM ML.::: SEM 
i.SY 11.77 7.28 11.3.5 8.41 l.Uii 
R.UZ II.02 IA5 Il.35 4.17 ISU 
7.87 U.7Y Y.00 0.59 b.46 1.10 
8.59 0.x8 7.96 0.61 $53 1.17 
S.(lh (I.73 7.09 0.51 x.24 I.08 
8.26 0.72 x.zx U.51 8.SU 1.10 
X.26 (1.72 x.24 0.40 8.57 1.14 
7.517 0.X6 X.24 11.39 x.2x 1.07 
X.26 0.56 R.23 0.40 A.14 1.15 
7.YY 0.6u 7.88 0.31 8.35 1.10 
7.w 0.5X 7.x7 0.37 x.14 1.15 
7.97 UA? 7.Yh 0.44 x.32 0.96 
7.x5 0.74 7.70 U.3R 9.02 0.96 
7.7H 0.76 -.3s ll.2S 9.3 I U.6Y 
1.73 0.71 7.31 0.28 Y.17 (1.9 1 
Percent Change Fnrm Baseline in AFR Concentration (mean z SEM of all data during each 2-min interval)’ 
Minutes After Shock 
3-1 
5-6 
7-n 
Y-10 
II-12 
13-14 
IS-16 
VF+4U J (n = 6) 
Mean SEM 
0 2 
6 3 
5 4 
3 3 
2 3 
0 3 
-1 2 
VF+lUU J (n = 8) 
Mean SEM 
8 9 
8 II 
15 7 
15 10 
8 Ill 
13 Y 
-6 6 
LAD 30-s Oct. (n = 4) 
Mean SEM 
-1 2 
0 2 
1 1 
-3 2 
-2 2 
-2 3 
U 2 
Integrated a-ea under AFR 
wnc vs. time cww 
16 13 63t 1x -6 2 
*Fur axmhatc free radical (AFR) pcrccnt change comparisons. see Figure 2. tp < U.01 versus 40 J. cone = concenlration; LAD OK. = left anlcrior dcsccnding 
coronary artery occlusion; VF = ventricular fibrillation. 
sary in this experiment because we could not accomplish 
percutaneous coronary sinus cannulation with a sufficiently 
large cannula to allow an adequate coronary sinus blood 
withdrawal rate. The thoracotomy was then sutured closed 
while as much air as possible was aspirated. After baseline 
measurements of coronary sinus and systemic arterial AFR 
were obtained, we delivered 200-J shocks from hand-held 
paddle electrodes pressed firmly against the shaved chest in 
a lateral-lateral placement. The AFR recordings were ob- 
tained as discussed earlier. 
Statistical analysis. Data were analyzed for statistical 
significance using repeated measures analysis of variance to 
determine-whether there was a significant difference among 
the multiple measurements of each variable tested, followed 
by a Bonferroni test to determine which specific variables 
were significantly different. Results are expressed as mean 
value 2 SEM. We correlated the peak of each shock and 
cumulative energy (when more than one shock was admin- 
istered) with the peak percent change from baseline in AFR 
levels and the integrated area under the percent change in 
AFR concentration versus time curves. 
Results 
In Tables 1 to 7 we present absolute coronary venous AFR 
concentrations (nmoI/liter) and the percent change from base- 
line; the latter are shown as mean value 2 SEM of all data 
during each 2-min interval. 
Experiment 1. After epicardial DC shocks; the coronary 
venous AFR concentration increased directly with shock 
energy (Table 1, Fig. 1. and 2). In the 40-J NSR grqup, the 
peak AFR increase, 5 2 3% was reached at 9 to 18 min 
after the shock was delivered. In comparison, the 100-J NSR 
group had a: higher (p ‘< 8.01) peak AFR increase of 14 t 
2%, which occurred ‘earlier, 5 to 6 min after shock deliver! 
(Fig. 1). Figure 2 sho,ws that the integrated areas under the 
AFR concentration versus time curvesincreased with higher 
energy shocks: the lo-, 40-, 75- and 100-J areas were 2 + 8, 
JACC i&l. 28. Ni h 
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Table 3. Coronary Venous Aseorbate Free Radical Concentration After Direct Current Single Versus Multiple Shocks* 
ComnaF Vcnnuc AFR Concentration (nmol Wcr) 
Before shock 
Minules after shwk 
3 
4 
s 
6 
7 
8 
Y 
IO 
II 
12 
13 
14 
15 
16 
Minutes After Shock 
IIWI J (n = 6) 1W J X 2 (n = 3) IMI J h .i (n = 4) 
- 
.&an SEM Wan SEM Mcdn SEM 
- 
h.78 0.28 7.!)7 0.14 7.78 Il.44 
1.44 U..W 7.55 0.25 7.92 n&i 
7.15 u.45 ?.87 0.38 x.41 0.27 
7.78 Il.44 7.58 II.25 Y.SU 0.56 
7.44 U.Ul Y.llh U.20 H.35 0.42 
7.63 0.41 x.3.s 0.29 8 $2 K54 
7.49 0.38 X.38 0.30 8.42 0.3 
7.39 0.32 1.97 0.42 8.51 IL.54 
7.39 0.16 8.16 (I.42 836 U.70 
7.58 0.35 8.06 U.00 8.U6 U.69 
7.44 O.Ul 7.97 O.Sl X.60 OS1 
7.51 0.41 8.06 0.33 8.57 034 
7.23 0.42 8.16 0.48 8.1: US4 
1.25 0.45 7.39 0.2s 8.?S 0.81 
6.96 0.34 7.30 U.lU 1.92 0.56 
Percent Change From Baseline in AFR Concentration (mean ? SEM of all data during each 2-min inrerval) 
100 J (n = CJ l!XJ J x 2 (n = 3) lUUJXS(n=JI 
Mean SEM Mean SEM Mcan SEM 
3-4 8 4 9 4 5 4 
5-6 12 5 II 3 Y 4 
7-a 12 3 18 2 Y 5 
9-10 10 4 14 3 12 3 
11-12 11 4 13 J 7 3 
13-14 9 4 1s 5 7 4 
15-16 5 7 4 3 4 5 
Integrated area 
under AFR cone 
vs. time ewe 
67 11 d2 7 54 18 
*None of these comparisons are significantly differenl. 1UU J X 2 = two shocks of 1UU J in rapid succession: 1011 J x 5 = five shocks of 1UU J in rapid succetion; 
other abbreviations as in Table 1. 
13 ? 6,51 2 7 and 77 rC- 8%, respectively. Figure 3 shows the 
relation between epicardial DC shock energy and peak 
percent AFR generation. There was a significant linear 
relation between the two: %AFR generation = 0.18 (Shock 
energy) + 2.9 (r = 0.73, p < 0.0001). There was a similar 
relation between the integrated area under the AFR con- 
centration versus time curve and DC shock energy: Area = 
0.89 (Shock energy) - 13.9 (r = 0.70, p < 0.0001). In the 
“sham” group, there was no increase in AFR; the maximal 
change was -5 + 2% (Table 1). There was no relation 
between percent AFR increase and the order in which the. 
varying energy shocks were delivered. 
Expriqent 2. Epicaidia! DC sh&ks &en to terminate 
VF did nqt result in higher coronary venous AFR levels than 
shocks delivered to hearts in NSR (Table 2, Fig. 2). The 
peak AFR increase in the VF+4&J group was 6 2 3%. 
reached at 5 to 6 min after the shock, which was not 
significantly different from the 40-J NSR group peak of 5 + 
3% (see Table 1 for NSR data). The peal’: AFR increase in 
the VFt 100-J group was 15 + 7%. reached at 7 to 8 min 
after the shock. also not significantly different from the 
100-J NSR group peak of 14 2 2%. When the integrated 
areas under the AFR concentration versus time curves were 
compared. neither the VFt40-J group (16 +- 13) nor the 
VF+ 100-J group (63 2 18) were significantly different from 
their NSR counterparts (Fig. 2). In the four dogs in which 
the coronary artery was briefly occluded for 30 s. followed by 
reperfusion. the peak AFR increase was only 1 2 1% at 9 to 
10 min after occhqion (Table 2). 
Exp&mqt 3. Multiple epicardial DC shocks did not result 
in higher coronary venous AFR concentrations than single DC 
shocks at the same energy (Table 3). In the lOO-Jx2 group, a 
pe&AFRincreaseofl8f2%wasreachedat7toBminafter 
the shocks, and in the lO@Jx5 group, a peak AFR increase of 
12 + 3% was reached at 9 to 10 min after the shocks. These 
results were not significantly different from the single 100-J 
1603 ‘CAXRINE ET AL. 
DC SHOCKS GENERATE FREE RADICALS 
JACC Vol. 2X. No. h 
N&mhcr IS. lYYh:l5YX-6oY 
Tablp 4, Coronary Vcrbus Ascorhate Free Radical Concentration After Dirrc; Current Shocks: Reforc Versus After Superoxide Dismarasr/ 
Cafalaw (n = 7) 
L- -- ----7 
Coronary Vonoua AFR Concentration (nmol4itcr) 
Rcforc shock 
Minuk!? al& shock 
3 
4 
5 
6 
7 
Ii 
9 
III 
II 
1: 
13 
14 
75-J NSR Group 715-J NSR+SOD:Cat Group IIUJ NSR Group 10)-J NSR+SOD,‘C:’ Group 
War, SEM Mean SE\1 Mean SEM Mcan SEM 
1.32 0.54 1.63 0.43 6.91 0.13 7.17 0.36 
IS: 11.59 KU2 0.56 7.69 0.39 7.94 (1.36 
l.Y4 0.35 7.69 11.55 8.11 0.32 s.13 MU 
s.41 055 X.11 0.47 7.78 il.32 8.15 0.34 
7.YH O.h! 7.65 u.64 7.80 O.lY 8.04 0.37 
7.99 0.7 I 7.13 II.46 7.80 Il. 1 Y x.13 0.29 
7.w IL.53 7.86 0.48 8 .- '1 0.36 I.92 0.39 
8.08 069 ml 0.48 8.13 0. I4 8.15 0.36 
%I)!. 0.70 7.73 0.37 7.82 0.21) 7.96 0.40 
7.53 0.70 7.18 0.51 7.69 0.16 7.88 0.32 
x.02 Il.76 7.65 0.43 7.0 K?S 8.1') n.3u 
5.45 o.lxl . 1.10 -,. 0.4: 7.34 II.15 x.11 0.32 
1.45 0.67 7.71 0.42 7.28 0.20 7.98 II.32 
Pcrrcnt Chance From Baseline in AFR Concentration (mL-m t SEM of all data during each ?-min interval)* 
Mintitcs After Shock 
75-J NSR Group 75-J NSR+SODiCat Group 
Mean SEM Mean SEM 
W-J NSR Group 
- 
Me m SEM 
100-J NSRt SOD/Cat Group 
Mean SEM 
3-4 7 4 3 3 IS 5 4$ 3 
S-6 12 3 3t ? 13 4 4 3 
7-8 9 2 2 2 17 5 4s 2 
9-10 10 3 3 1 16 3 4$ 3 
II-I? 6 3 1 2 I3 3 4$ 3 
13-14 I 2 2 2 6 2 4 2 
lntegrakd area under AFR 46 9 1st 5 85 14 2s$ 8 
cone vs. time curve 
*For astorhate free radical (AFR) percenr change comparisons, see Figure 4. tp < U.01 versus 75 J. $p <: 0.01 versus 100 J. Cat = catalase; SOD =superoxide 
dismulase; other abbreviations as in Table 1. 
group peak AFR increase of 12 + 5% at 5 to 6 min. The 
integrated areas under the AFR concentration versus time 
curves were 82 ? 7 for the loO-Jx~ group and 54 ? 18 for the 
lMLJX5 group compared with 67 2 11 for the 100-J group 
(p = NS). 
Experiment 4. The free radical scavenging enzymes SOD 
and Cat attenuated the increase in AFR coronary venous 
concentration after epicardial DC shocks (Table 4, Fig. 4). 
The peak AFR increase in the 75-J NSR group before 
SOD/Cat was 12 t- 3% at 5 to 6 minutes and only 3 + 1% 
at 9 to 10 min (p < 0.01) after SOD/Cat infusion. In the 
100-J NSR group, the peak increase before SOD/Cat ad- 
ministration was 17 + 5% at 7,to 8 min, and with SOD/Cat 
the peak was 4 + 3% at 5 to 6 min (p < 0.01) (Fig. 4). A 
similar attenuatioti’tias found in the integrated areas under 
the AFR concentration versus time curve with the presence 
of SOD/Cat during shock administration. In the four control 
dogs that received saline instead of SOD/Cat, there was no 
GgniLant difference in AFR generation’ between shocks 
given 10 min apart without infusion of SOD/Cat (Table 5). 
Experiment 5. When epicardi;ll DC shocks were delivered 
from electrodes separated from the epicardium by preformed 
conductive gel-polymer pads, coronary venous AFR concen- 
trations increased in a manner similar to the increases after 
DC shocks from electrodes in direct contact with the epicar- 
dium (Table 6). Peak AFR increases of 9 t 6% (75-J shocks) 
at 9 to 10 min and 12 + 5% (lO@J shocks) at 5 to 6 min after 
the shock were demonstrated. These data are similar to the 
AFR increases seen when the metal electrode paddles were in 
direct contact with the epicardium (compare with Table 1 and 
Fig. 1). 
Experiment 6. After #lo-J t,ansthoracic shock& the peak 
AFR increase was 7 + 5% (Table 7). Hemodynamic (blood 
‘pressure and heart rate) changf+ :both before and :.fter DC shocks 
with and without SOD/Cat are shti in Table 8. ‘Ihe effect of 
SOD/Cat on systolic blood pressure (SBP) before and after 
shocks is shown in Figure 5. The 75-J &x&s caused a sign&ant 
(p c 0.05) decline in SBP; when repeated after SOD/Cat, the 
decreaseinSBPwas~mallerandnolongersignificant.Theeffed 
of SOiYCat was less on SBP after lal-J sho&q SOD/Cat dii not 
JACC Vol. 28. No. 6 
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Minutes After Shock 
Figure 4. Modification by SOD and Cat of AFR generation after DC 
shock. Peak percent increase in AFR concentration was significantly 
reduced by SOD/Cat. Qnprrs = 100-J NSR group; &cles = 100-J 
NSRtSOD/Cal group; vertical lines = SEM. l p < 0.01. 
significantly alter the decline in diastolic blood pressure (DBP) or 
heart rate induced by DC shocks. 
Discussion 
The mujurfindings of this study are that 1) DC epicardial 
shocks produce an increase in AFR concentration, indicating 
free radical generation; 2) the magnitude of the AFR increase 
shows a linear correlation with the energy level of the shock 
delivered. A high energy shock (e.g., 100 J) produces a 
greater increase in AFR concentration than a lower energy 
shock (e.g., 40 J); 3) there is no significant difference in the 
increase in AFR concentration induced by shocks delivered 
to beating hearts versus shocks delivered to terminate VF of 
short duration; 4) when multiple shocks are given in rapid 
succession, the peak energy of any individual shock is more 
important than the cumulative energy in determining AFR 
generation; 5) the antioxidant enzymes SOD and Cat mark- 
edly attenuate the increase in AFR generation when they 
are infused before shock delivery; and 6) transthoracic 
shocks increase AFR concentration but to a lesser degree 
than epicardial shocks. 
Previous studks of defibrillati4m injmy. Many previous 
studies (l-5) have shown evidence for defibrillation injury, 
both morphologic and functional. Weaver et al. (18) 
showed, ,in patients, that higher shock energies were more 
likely to produce, atrioventricular block after Ventricular 
fibrillation was terminated. We (5) used sonomicrometers to 
demonstrate subepicardial contraction abnormalities. after 
direct epicardial shocks. Not only is ventricular ‘function 
disturbed by DC shocks, but atrial contraction has also been 
shown to be abnqnnal after cardioversion (19-21). Trans- 
esophageal echmrdiographic techniques have demumhated 
(19,20) knver left atrial appendage empty& velocities in the left 
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atrium and atrial.appendage and spontaneous contrast forma- 
tion after electrical cardioversion for atria1 fibrillation. Man- 
ning et al. (21) found a more prompt retuti of atrial function 
after pharmacologic than electrical’ ‘cardioversion of a&al 
fib:illation. suggesting that atrial “stunning” is mole pro- 
nounced after electrical cardioversion. 
Mechanisms of DC shuck injury. Those earlier studies did 
not establish the mechanism of DC shock injury. Jackson et 
al. (10) suggested that electrical current passed through a 
physiologic solution could generate free radicals. Trouton et 
al. (9) first raised the possibility of a myocardial free 
radical-mediated mechanism of injury by demonstrating 
organic lipid peroxyl radicals in hearts of three dogs sub- 
jected to DC shocks. Other studies have also shown meta- 
bolic and cellular changes in the myocardium after DC 
countershocks. Trouton et al. (22) demonstrated negative 
myocardial lactate extraction (signifying lactate production) 
after DC shocks, indicating that oxidative metabolism is 
depressed after damaging countershocks. Tovar and Tung 
showed that both monophasic and biphasic pulses of 1 V, 0.2 
to 0.4 ms and 0.4 V. 5 ms make myocardiai tissue more 
permeable, causing alteration in cellular ionic composition, 
leading to depressed or unexcitable tissue, a precursor for 
cardiac arrhythmia (23). Finally, Trouton et al. (24) dem- 
onstrated that reduction in mitochondrial oxygen consump- 
tion after transthoracic shocks is probably not due to 
depressed mitochondrial function, but may be secondary to 
other mechanisms, including free radical formation. 
Doherty et al. (4) suggested that increases in intramyocar- 
dial temperature caused by repeated shocks may play a role 
in myocardial damage. 
In our study, shock-induced free radical generation oc- 
curred even in the absence of preexisting cardiac injury or 
arrhythmias; we showed that the administration of a DC 
shock to a healthy (nonischemic) beating heart generates 
free radicals. The presence of very short duration electri- 
cally induced VF did not further increase the free radical 
generation. The duration of VF was only 30 s, which may 
have been too brief to generate additional AFR after 
defibrillation. Thirty seconds of ischemia produced by cor- 
onary artery occlusion was also not long enough to produce 
AFR on reperfusion, whereas we know from our previous 
studies (13) that 5 min of coronary occlusion followed by 
reperfusion does produce AFR. Furthermore, the extent of 
regional &hernia created by the occlusion of one coronary 
artery may not be equivalent to the global derangements of 
perfusion and metabolism associated with ventricular fibril- 
lation. Thus, defibrillation after a longer period of VF would 
very likely result in an additional ‘increment of AFR gener- 
ation. 
Rokof’- epicdid amtsct. In bne set of exper- 
imenis, shocks were de&red to Mating hearts from hand- 
held epicardial paddles, but the electrodes were -rated 
from direct contact with the epicardium by prefcrmed 
conductive gel-polymer pads (3M). These pads are designed 
to be used as couplants between metal electrodes and the 
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Table 5. Coronary Vcnouc /\.xorbatc Free Radical Concsntration After Dirxt Currd Shocks: Comparison of Shocks Dc!ivcred 10 Minutes 
Apart (with vs. without supcroxide dismutasc!catalasc) (n = 4)* 
(‘oronary Vcnou*: AFR Cimccntrarion (nmc0tcr) 
-._ 
75-J NSR Group IMLJ NSK Group 
.___ 
\Vith SOD,C,II Without S0fXa1 With SODC~I Withoul SODCat 
.Mcan SEM Xlcan SEY .Mc;m SE?4 Mean SEM 
R.r;b 
9.!4 
9.72 
Y.14 
950 
Y.!Y 
9.22 
0 1.’ 
) ‘1 
s.is 
9.36 
9.:9 
8.X6 
8.71 
IL01 ‘J.14 
I.03 S.78 
Il.81 11.43 
I1.9.i Y.-l3 
I.16 Y.Rh 
lJ.83 4.29 
I.nlI Q.7’ 
I.31 III.22 
IJSII Y.29 
I.14 93 
0.63 ‘1.36 
I.03 Y.51) 
1.117 9.14 
0.96 YSNI 
I .33 
1.39 
1.10 
I.21 
I su 
I.21 
1.25 
0.9n 
11.n3 
ILYS 
0.96 
I .07 
0.x5 
ON 
9.M 
Y.14 
9.65 
0.Y-l 
9.411 
Y.43 
Y.‘? 
‘).5X 
Y.40 
9.29 
9.58 
Y.07 
Y.22 
KY3 
UAtl 
OS? 
0.65 
O.Y4 
0.73 
1.11 
NY I 
0.70 
0.74 
ll.Ytl 
0.81 
0.10 
0.69 
n.86 
Pcrccnl Change From Baseline in AFR Conccntnticm (mcanr SEM nf all dala during each 2-min interval) 
75-J Ir;SR Group 100-J NSR Group 
With SODCal Without SOD;‘Cat Wilh SODKat Without SOD/Cat 
Mcar. SEM Mcun SEM Mcan SEM hlcan SEM 
3-4 7 4 5 5 4 3 I1 5 
S-6 13 J I2 3 I2 3 111 2 
7-K 11 5 14 4 S 3 10 4 
‘)-II) 9 5 19 4 I1 4 9 3 
II-12 IO S 13 5 7 3 5 5 
I?-14 I2 3 13 -I s 4 4 2 
IS-16 5 4 Y 4 5 2 2 2 
lnlegratcd arca undrr AFR 66 19 XI) II 
cone vs. Iins curve 
-- 
‘None of lhcsu rompsisons arc si@icantly diffcrcnr. Abhrcvialions as in Tables 1 and 4. 
s3 4 50 II 
skin in transthoracic defibrillation as a nonslipping. non- 
spreading substitute for electrode creams or pastes. We 
used these pads to determine whether direct contact of the 
electrode with the cardiac tissue (tissue-electrode inter- 
face) was required to generate free radicals. The peak AFR 
increases produced by the shocks delivered with pads to 
separate the. electrodes from the epicardium ale comparable 
to ihe AFR increases that we demonstrated with epicardial 
paddle electrodes in direct contact’ with the epicardium. 
This iinding indicates that a metal-tissue interface is not 
required io generate free radicals by shocks: transcardiac 
current appears to be the major determinant. 
Transtboracic shocks. Transthoracic shocks df 2oci j 
caused an AFR increase, but of a magnitude less than that 
induced by 100-J epicardial shocks. The more modest increase 
in AFR generation despite the higher energy used in the 
transthordcic shocks is not surprising because only a portion of 
the current generated by a transthoracic shock actually 
traverses the heart (25.26). Furthermore, because we could not 
accomplish percutaneous coronary sinus cannulation with a 
sufficiently large cannula to all& adequate coronary sinus 
withdrawal, we had to perform a thoracotomy and accomplish 
coronary: sinus cannulation with direct manual assistance and 
then reclose the thorax before delivering shocks. Tine inevita- 
ble trapping of air (a poor conductor of electricity) in the 
thorax after closure of the thoracotomy probably funher 
reduced transthoracic and transcardiac current and thus AFR 
generation. Transthoracic shocks delivered to an intact chest 
Table 6. Corot~ary Vcnou~ Ascorbatc Free Kadicd Conwr.tration After Direct C’urrent ShockA: L’w 
of Preformed Conductive Gcl-Polymer Pads in = 3) 
C‘onm:q \-‘-nuu\ AFR Conccntr;kon (nmol’iitLr) 
- 
75-J XSR Cinrup IW-J SSR Crt~p 
Mean SESI Slcan SE; 
Before shock 
Minutrs after shock 
3 
1 
5 
6 
7 
s 
9 
II) 
11 
12 
13 
I-! 
IS 
16 
h.SY 1.3’ 
6.72 
6.13 
7.55 
63 
7SI! 
7.1s 
7.is 
h.chtl 
7.01 
6.72 
6.42 
6.7’ 
Ch 
11.57 
Percent Change From Baslinc in AFR (‘mwntratbn 
lmcsn 5 SEM of all data during rach 2-min interval) 
I.33 
I..% 
1 65 
i .7h 
1.711 
1 .M 
I.69 
l.Yh 
1.x7 
I A3 
3ll 
1 .Y’ 
1.7’) 
1.x3 
Minutes After Shock 
75-J NSR Group IWJ %SR Group 
Wan SE\1 Mc.;n SEM 
3-J -3 I I 3 
S-6 h 7 I-’ 5 
7-H s 4 I’ 4 
Y-IO 9 h 10 h 
II-17 4 .: i h 
I.%14 -1 h 3 h 
IS-16 -7 4 h s 
Imegratcd area under AFR 
cone vs. time cww 
Ahhrrviation, as in Table 1. 
22 2 4h 13 
might well yield more myocardial AFR generation: to demon- 
stratc this hypothesis, the experimental model will need to be 
refined and thoracotomy avoided. 
The levels of shock energy applied to the epicardium in this 
study-up to 1Iw) J-are substantially higher than the typical 
clinical intraoperative levels of 10 to 20 J (27). Whether lower 
energy epicardial shocks generate frez radicals in human 
hearts was not determined in this study. 
Biphz.ic shock waveforms have been found to bc less 
injurious to ihe myocardium tha? monophasic waveforms 
_ (28.29): Whether hiphasic or other waveforms ge’nerate fewer 
radicals than monophasic wiiveforms was not addressed in this 
study; all shocks in these experiments were delivered using a 
standard damped sinusdidal waveforni. 
Rcvemtiom of Abel iqiwy. Antioxidant enzymes have 
been shown (30-32) to ameliorate the myocardial stupning 
associated with brief coronary occlusion-repcrfusion se- 
quences. In this study the free radical scavenging enzymes 
SOD and Cat. given Lxfore DC shocks. markedly reduced the 
magnitude of free radical generation. Although functional 
protection against DC shock injury was not the major focus of 
this s:udyl SOD/Cat did at!enuatc the decline in SBP caused by 
75-J shocks. However. the preshock SBP was lower after the 
dogs had Aready received one previous shock plus *D/Cat. 
which renders interpretation dillicult. Whether SOD/Cat or 
other free radical scavenging agents would prevent or amelio- 
rate $c functional myocardial toxicity resulting from DC 
shocks would require sophisticated measures of left ventricular 
gl&zd and’ regional function &d my&dial injury. and a 
do&-response study. 
CMls. Because DC shocks to the heart generate 
free radicals, and free radicals are kn&vn to be toxic to the 
rIlyocdum,ourstudyimpliesthatshock-inducedfreeradical 
gnedon is a me&an& of de&rillation injury. mer. free 
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Table 7. Coronary Venous Ascorhate Free Radical Concentration Af!:r Transthoracic Direct Current 
Shocks (ZII) J) In = 3j L 
Coronary Venous \FR Concentration (nmtrl. liter) 
,Mean SEX1 
Before chock 
Mhutes After Shock 
3 
4 
s 
h 
7 
8 
9 
IO 
II 
12 
13 
14 
15 
lh 
7.97 
812 11.77 
7.83 II.54 
&I’ 0.M 
7.93 c 78 
1.93 0.5 1 
8.03 0.59 
7.83 n.52 
N.32 0.76 
N.32 (I.3 i 
8.71 0.71 
8.56 ll.lR 
R.22 0.45 
X.61 0.21) 
8.17 U.56 
I).45 
Percent Change From Baseline in AFR 
Concentration (me&-n 2 SEM of all dara during 
each 2-min interval) 
Minutes After Shvk Mean SEM 
3-4 0 5 
5-6 1 6 
7-8 0 3 
9-10 1 5 
1 l-l’ 7 s 
13-13 5 2 
15-16 5 2 
Integrated area under AFR 
cone vs. time curve 
17 7 
Abbreviations as in Table 1. 
radicals may not be the sole or even major mechanism. Previous the Fi*k individual shock energy, as we found, the time interval 
investigators have shown (l-4) myocardial damage from DC between shocks and intramyocardial temperature increases may 
shocks to be directly related to the cumulative energy rather than also be important. Defibrillation injury may be multifactorial. 
Table 8. Hemodynamic Effects of Direct Current Shocks Delivered Before and After Superoxide DismutaselCatalasc 
75-J NSR Group (n = 7) l&J NSR Group (n = 7) 
Before SOD/Cal After SDD;Cat Before SOD/Cat After SOD/Cal 
Mean SEM Mean SEM Mean SEM Meall SEM 
-- 
Preshock SBP (mm Hg) 97 10 81 7 92 9 l?n 7 
Postshock SBP (mm Hg) 81’ 9 73 8 m 5 69t 6 
ASBP (mm Hg) 16 s 9 4 13 5 11 4 
Preshoek DBP (mm Hg) 59 8 48 6 59 8 49 7 
Postshock DBP (mm Hg) 39$ 5 3% 5 Wi 6 m 7 
ADBP(mm Hg) 20 4 9 3 20 4 8 ,3, 
Preshoek HR (beatslmin) 124 5 12R 5 131 5 126 4 
Postshock HR (beats’min) 128 3 129 4 126 5 128 5 
AHR (beatslmin) 4 4 1 4 5 3 2 2 .- 
l p < 0.05 versus preshock systdic blood pressure (SBP) (75 J). tp < 0.05 versus prcsbodr SBP (100 J). $p < 0.01, versus preshoek diastdic blood pressw. (DBP) 
(75 J). Op c 0.05 versus presbock DBP (75 J). lip C 0.01 versus preshock DBP (100 J). lp < 0.05 versus pre&ock DBP (100 J). HR = beart rate: A = cbangc in: other 
abbreviatirns as in Tables 1 and 4. 
Energy (Joulrr) 
F-IV 5. Systolic blood pressure changes induc:d by DC shocks 
before and after SOD/Cat; 75-J shocks caused a significant decline in 
SBP. When 75-J shocks were repeated after SOD/Cat. the deck in 
SBP was smaller and no iongcr significant. 
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